We show, by simple classical arguments, that the explicit time dependence of the ponderomotive potential causes both a shift and a broadening of the photoelectron lines in high-intensity multiphoton experiments. If the laser pulse is short enough, some of the energy from the absorbed photons will be lost by an electron when it separates from the pulse. Since different atoms are ionized at different intensities, the shifts of the energies of the individual electrons will differ. This will be detected as an inhomogeneous broadening of the electron lines. Both the shift and the broadening will be of the same order of magnitude as the ponderomotive potential. Fast electrons experience a lower shift than slow electrons. The important parameter is the ratio between the transverse pulse diameter and the pulse duration. If the electron velocity is much higher than this ratio, there will be no shift. If the velocity is much lower than this ratio, there will be a maximum shift. These predictions have just recently been confirmed, at least qualitatively, by experiments.
INTRODUCTION
The interaction of free electrons with intense laser light, and the more general problem of scattering phenomena in strong radiation fields, have been studied by many authors.1-3 It is well known that the average kinetic energy associated with the quivering forced on an electron by a radiation field acts as a potential for the average motion of the electron. 4 This ponderomotive potential is, in general, time dependent. The total kinetic energy is, therefore, not a constant of the motion, and the ponderomotive potential is, in general, not conservative.
When the ponderomotive potential is of the same order of magnitude as the photon energy, the nonconservation of energy should be seen in experiments, if the pulse is short enough. At a wavelength of 248 nm, intensities of the order of 1015 W/cm 2 are needed for the potential to be equal to the photon energy. At 1.064 ,um, 1013 W/cm 2 is needed. The occurrence of line shifts of the order of the ponderomotive potential have, however, not been observed until recently. The aim of this paper is to show that the reason why the shifts have not been seen is that the laser pulses used previously have not been short enough to make the effect detectable. Only for pulse durations shorter than about 10 psec will the time dependence resulting from the pulse propagation dominate for electrons with energies of 1-10 eV.
In Section 2 we rederive the well-known results derived by Kibble.4 In Section 3 we discuss the implications of these results for cases with time-independent pulse shapes, and we demonstrate the important asymmetry between the transverse motion and the motion along the beam axis. Finally, in Section 4 we apply these results, in the case of multiphoton ionization in an intense laser pulse, and we show that, if the pulse is short enough, one should detect both a shift and a broadening of the photoelectron lines.
THE PONDEROMOTIVE POTENTIAL
We want to describe the average motion of an electron in a laser pulse. The pulse will be described as a plane electromagnetic wave with a space-and time-dependent amplitude. The change of the amplitude over times of the order of the wave period is assumed to be small. We introduce a time average defined by
where u(t) is any dynamic variable and T is the period of the wave.
Let r(t) be the position vector and v(t) be the velocity of the electron. r and v are the exact solutions to the classical equations of motion:
where m is the electron mass, e is the absolute value of the electron charge, and E(r, t) and B(r, t) are the electric and magnetic fields, respectively.
We write v(t) as a sum of two parts
where va(t) is the average velocity, according to the definition above, and v 0 ,, is the difference between the total velocity and the average velocity. From this we have
The total kinetic energy can be divided into two parts in the same way. For the average kinetic energy we then get
The assumption that the wave amplitude is a slowly varying function in time can be used to calculate the dominating part of the last term in Eq. (1). The oscillatory part of the motion will, to a good approximation, be determined by the field strengths at the point r,(t) about which the oscillations are centered. The motion is assumed to be nonrelativistic, The last term in Eq. (3) acts as an effective potential for the average motion of the electron, 5 and the equations of motion are4
va(t) -VV(r, t).
V is the ponderomotive potential defined by If we use this for a wavelength of 248 nm and an intensity of 1015 W/cm 2 , we get an amplitude of 0.4 nm. This shows that the assumption that the quiver motion is determined by the field strength in the center of the oscillations is well justified for the wavelengths and intensities that we consider in this paper, that is, 100-1000 nm and 1013-1016 W/cm 2 , respectively.
TIME-INDEPENDENT PULSE SHAPE
Since the partial time derivative of the potential V is different from zero? the total energy is not conserved. But Eq. (3) can be put into a form of a conservation law, containing only the velocity and the potential, if we assume that the pulse shape is time independent. Then, if the pulse propagates along the z axis, the amplitude function will depend on t and z only through the combination ct -z. This gives (4) This is an important result because it shows explicitly the difference between the motion along the beam axis and perpendicular to it. We will illustrate this by applying Eq. (4) to two special cases. First, let Vbe independent of the x and y coordinates. Then vax and vay will be separately conserved, and Eq. (4) Because of the c in the denominator vz is small, and in a strictly nonrelativistic calculation it should be put equal to zero.
In the second case we let the potential be independent of t and z, that is, we have a stationary beam. Then the equations of motion show that the potential is conservative and that Vaz is separately conserved. Equation (4) This is a strictly nonrelativistic expression, and we see that the electron will be accelerated as it leaves a high-intensity region and retarded as it enters one.
A somewhat more restricted form of the first case above, namely, the case of an electron run over by a plane-wave pulse, has been extensively discussed in the literature, and the electron motion in this case is well understood. 6 In this case the full relativistic motion can be calculated, and even the quantum case can be fully solved. 7 All these solutions rest, however, heavily on the fact that the amplitude depends only on the parameter ct -z, and they cannot be applied in the second case discussed above.
For a review on the interaction of intense light and free electrons we refer to Ref.
The essential conclusions needed for a discussion of the dominant features of the ponderomotive potential in photoionization can now be summarized: When the electron is inside the laser pulse it has to oscillate. The characteristics of this quiver motion are determined by the local-field parameters and are independent of the history of the electron. The kinetic energy stored in this oscillatory motion acts as a potential for the average motion. This potential is in the general case time dependent, and the total kinetic energy is not a constant of the motion. Only in the case of a stationary beam will the total energy be conserved. In the case with a very short pulse the explicit time dependence, resulting from the propagation of the pulse, dominates, and all the energy stored in the quiver motion will be lost when the pulse leaves the electron.
MULTIPHOTON IONIZATION OF ATOMS
Many of the experiments performed in the multiphoton field involves laser intensities in which the ponderomotive potential is comparable with the photon energy. At a wavelength of 248 nm this demands an intensity of 1015 W/cm 2 , and at 1.064 Am 1013 W/cm 2 is needed.
Since the multiphoton process that we wish to investigate takes place inside the laser pulse, while the electrons are detected outside the pulse, we have to understand the motion of the electrons when they have left the atom or the ion but are still in the pulse. The motion of an electron in an intense laser pulse is certainly a nontrivial problem, as Sections 1-3 have shown, and we will adopt the simple classical picture discussed above and concentrate on the conservation of energy.
To be able to use the classical expressions in Sections 1-3, we must assume that the photoionization process occurs in a region of space that is much smaller than a photon wavelength. Since we are dealing with wavelengths longer than 100 nm this is no problem, since a typical atomic radius is a few angstroms. Because of momentum conservation the process of photon absorption is also restricted to distances from the atom of that size. Therefore it is not a problem to justify a classical description of the average motion.
The quiver motion, however, has an amplitude of a few angstroms, and, to make an electron wave packet that is smaller than that, we need kinetic energies that exceed 100 eV. In a typical experiment the electron energy is rather in the range 1-50 eV, and our classical picture is harder to justify. But the quiver amplitude increases as the square root of the laser intensity, so with increasing intensity the classical picture becomes more reliable.
In the discussion below we will use the classical picture without further hesitation. The reader should, however, bear in mind that we are at the limits of the validity of this description when we apply it to experiments performed up to the present time.
The role of the ionization process in our picture is to give the classical electron an initial velocity at a certain time and location inside the pulse. Quantum mechanics gives us the probabilities for different kinetic energies, but once the electron is ejected from the atom, it is treated as a classical particle.
Since the electron must quiver in the field it must absorb enough photons to be able both to quiver and to propagate with an average velocity. The energy from the absorbed photons will be split between the quiver motion and the average motion. The part that is needed for the quivering is exactly the ponderomotive potential, and what remains of the absorbed energy goes to the kinetic energy of the average motion.
We see that only when all the energy stored in the oscillatory motion is transfered into kinetic energy of the average motion will we detect a kinetic energy that is equal to the energy of the initial atomic state plus the absorbed photon energy. If some of the quiver energy is lost because of the time dependence of the ponderomotive potential, we will detect the electron at a lower energy than we expect when the ponde'olnotive potential is not taken into account.
We know, from the discussion above, that we should get different results for a long pulse and a short pulse, that is, a long or a short pulse as seen by the electron. The important parameter is the ratio diT, where d is the transverse diameter of the pulse and T is the pulse duration.
If va >> diT the electron leaves the pulse so fast that the implicit time dependence that is due to the average motion of the electron dominates over the explicit time dependence that is due to the pulse propagation. In this case the pulse duration is so long compared with the time that it takes the electron to leave the pulse that it can be approximated by a stationary beam. There will be no energy shifts since the ponderomotive potential is approximately conservative.
When v << dir we get a very different situation. The electron does not travel any appreciable distance during the time that it interacts with the pulse. In this case the explicit time dependence of the ponderomotive potential dominates, and most of the energy stored in the quiver motion will be lost when the pulse leaves the electron. There will be a downward shift of the energy of the photoelectrons that is of the order of the ponderomotive potential.
When va dir there will be a velocity-dependent shift. The slow electrons will be shifted more than the fast ones. The shifts are smaller than the ponderomotive potential but can still be a sizable fraction of it.
It is important to note that the upper limit of the shifts is the magnitude of the local ponderomotive potential at the point where the electron was ejected. This means that a slow electron ejected in a low-intensity region, although it experiences a maximum shift, might be shifted less than a faster electron ejected from a high-intensity region. In most experiments there will therefore be not only shifts but also a inhomogeneous broadening that is due to the different initial conditions for different electrons. This broadening will also be of the order of the ponderomotive potential. In Table 1 we show what to expect for three different realistic sets of parameters.
At present, most experiments fall into the category under which there should be no shifts. There have, however, been a few experiments that correspond to the cases when one would expect full shifts and broadening 8 or velocity-dependent shifts, 9 that is, as in Cases 1 and 2 of Table 1 . The data from these experiments seem to fit the results above, at least qualitatively. Luk et al. 8 discussed this point explicitly, and they found good agreement.
In conclusion, we have shown that for short pulses the photoelectron lines in high-intensity multiphoton experiments will be shifted and broadened because of the time dependence of the ponderomotive potential. The shift and the broadening will be of the same magnitude as the ponder- a The electron energy is of the order of electron volts; d is the transverse diameter of the pulse, r is the pulse duration, and m is the electron mass.
omotive potential at the point where the ionization took place. By a short pulse we mean one in which the ratio between the transverse diameter of the pulse and the pulse duration is much larger than the average velocity of the electron. Then the electron will not travel any appreciable distance during the time that it interacts with the pulse. This means that the explicit time dependence of the ponderomotive potential dominates, and that causes the energy shift. The inhomogeneous broadening is due to the different initial conditions for different electrons.
These predictions have, at least qualitatively, been confirmed by experiments. Luk et al. 8 concluded that the line shifts and broadening that they observed fitted well with the predictions above. Their experiments were performed at a wavelength of 248 nm, and they used a subpicosecond pulse. This corresponds to Case 1 of Table 1 .
